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vThe two human polyomaviruses, BKV and JCV, have
lived much of their lives in the shadows of their more
intensively studied simian and murine cousins, SV40 and
Py. JCV and BKV are primarily associated with progres-
sive multifocal leukoencephalopathy (PML) and hemor-
rhagic cystitis, respectively, and a role for these viruses
in human cancer has been suggested. In this review, I
will present a historical overview of the viruses, briefly
describe new developments in our understanding of the
molecular pathogenesis of the diseases in which viral
involvement is clearly implicated, and then discuss what
is known about the potential role of these viruses in
human cancer. The reader is referred to a series of more
comprehensive reviews (Raj and Khalili, 1995; Dorries,
1997, 1998; Gallia et al., 1997; Weber and Major, 1997;
arbanti-Brodano et al., 1998), as well as to the primary
iterature cited herein, for more details.
BKV and JCV were first isolated in 1971, the former from
he urine of a renal transplant patient and the latter from
he brain of a patient with PML (Gardner et al., 1971;
adgett et al., 1971). Both viruses are found at high
requencies throughout most human populations. Pri-
ary infection with BKV occurs early in childhood, while
CV seroconversion occurs slightly more toward adoles-
ence (Gardner, 1973; Padgett and Walker, 1973; Taguchi
t al., 1982). Initial infection is inapparent and rarely
auses clinical disease, although respiratory symptoms
r urinary tract disease are sometimes found in the case
f BKV (Hashida et al., 1976; Goudsmit et al., 1981; Min-
inberg et al., 1982; Padgett et al., 1983). BKV and JCV can
be detected in tonsillar tissue from both pediatric and
adult donors (Goudsmit et al., 1982; Monaco et al., 1998),
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1and it has been reported that JCV can replicate in ton-
sillar B lymphocytes and stromal cells (Monaco et al.,
1996), supporting the notion that the respiratory tract is
the primary site of viral infection. It is thought that the
main route of spread between individuals is through
respiratory secretions during this acute phase of infec-
tion. After the initial infection, the virus disseminates and
establishes a persistent infection in the urinary tract,
lymphocytes, and in the case of JCV, the brain.
JCV strains fall into two groups, designated archetypal
and rearranged, based on the structure of their transcrip-
tional control regions (TCRs). The TCR of archetype JCV
contains a single copy of the promoter and enhancer,
while the rearranged strains contain deletions and du-
plications in this region (Yogo et al., 1990, 1991; Ault and
Stoner, 1993). The archetype strains are believed to be
the viruses that spread throughout the population and
establish persistent infections, as they can be isolated
from both normal individuals and immunocompromised
patients (Yogo et al., 1990; Flaegstad et al., 1991;
Markowitz et al., 1991; Tominaga et al., 1992; White et al.,
992; Ault and Stoner, 1993; Kitamura et al., 1994; Kuni-
ake et al., 1995; Guo et al., 1996; Agostini et al., 1996;
ugimoto et al., 1997; Ciappi et al., 1999). Rearranged
trains of the virus have been isolated from brain, kidney,
nd lymphocytes of PML patients, as well as from brain,
SF, and lymphocytes of nonaffected individuals (Martin
t al., 1985; Loeber and Dorries, 1988; White et al., 1992;
ult and Stoner, 1993; Dorries et al., 1994; Kato et al.,
994; Yogo et al., 1994; Elsner and Dorries, 1998; Ciappi
t al., 1999; Newman and Frisque, 1999). The duplicated
egions include the binding sites for a variety of tran-
cription factors (see below). Thus, it is believed that
hese rearrangements lead to altered transcription pat-
erns of the early region, which could affect the level of
iral replication and ultimately cause disease. Note,
owever, that the correlation between TCR structure and
isease state is not exact: while the rearranged strains
0042-6822/00 $35.00
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2 MINIREVIEWfound in PML lesions appear to be derived from arche-
typal strains isolated from the same individuals, as
stated above rearranged strains can also be isolated
from individuals with no apparent disease. The simplest
explanation is that there are host factors that contribute
to the ability of the virus to cause disease, and these
likely differ among individuals or even within a given
person over the person’s lifetime. Although BKV has not
been studied in as much detail, isolates of this virus also
appear to fall into the same two general classes, arche-
typal and rearranged (Rubinstein et al., 1987, 1991; Ne-
rini et al., 1991). Infection by both viruses is kept in
check by the immune system, with reactivation occurring
mainly in immunocompromised individuals such as
transplant recipients, pregnant women, or AIDS patients.
PML is a neurodegenerative disease that is clearly
caused by JCV infection (Weber and Major, 1997). Cell
destruction is thought to be carried out by the lytic
replication of the virus in oligodendrocytes, which are
myelin-producing cells in the brain. Currently, it is not
known when during the course of natural infection or
how the virus gets into the CNS. Replication of the virus
is controlled primarily at the transcriptional level, and a
great deal of effort has gone into defining the factors that
seem to allow for tissue-specific replication of the virus.
As discussed above, the rearrangements in the TCR are
thought to contribute to the increased replication capac-
ity of the virus in the brain (Daniel et al., 1996). It has
been demonstrated that transcription of the early region
and, therefore, expression of the major viral regulatory
protein, large T antigen, is driven by a constellation of
transcription factors that interact with the early promoter
elements in the TCR (Major et al., 1990; Frisque and
White, 1992; Raj and Khalili, 1995). These factors include
Tst-1, NF-1, Sp1, GBPi, NF-kB, YB-1, Pura, and GF-1, which
ogether determine the tropism of JCV to glial cells in the
rain (Khalili et al., 1988; Tada et al., 1989; Major et al.,
990; Kerr and Khalili, 1991; Feigenbaum et al., 1992;
enson et al., 1992; Ranganathan and Khalili, 1993; Weg-
er et al., 1993; Kerr et al., 1994; Raj and Khalili, 1994;
hen et al., 1995; Chen and Khalili, 1995; Raj et al., 1996;
hang et al., 1996; Safak et al., 1999). It is notable that
one of these factors is expressed solely in glial cells,
lthough Pura DNA-binding activity is detectable only in
rain and not in other tissues in which the gene is known
o be expressed. It will be interesting to see which
actors govern the ability of JCV to replicate in lympho-
ytes and stromal cells in the tonsils. Once these tran-
cription factors cooperate to induce early region ex-
ression, T antigen accumulates, binds to the viral origin
f DNA replication, and allows for amplification of the
enome, expression of the late genes, and completion of
he life cycle of the virus. There is also evidence that the
unction of JCV T antigen itself may be restricted to glial
ells (Lynch and Frisque, 1991), and it is also possible
hat the ability of T antigen to interact with some of theellular factors described above influences cell type
pecificity (Gallia et al., 1998; Sock et al., 1999).
Less is known about the molecular aspects of how
KV contributes to hemorrhagic cystitis in the bladder,
hich can also be caused by adenovirus infection. It can
e inferred from the incidence of this disease in immu-
ocompromised patients that normally the immune sys-
em keeps viral replication in check. As is the case for
CV in the brain, it is likely that the pathology of the
isease is caused by viral destruction of cells in the
ladder, in this case endothelial cells. Whether there is a
eservoir of BKV in the bladder that reactivates upon
mmunosuppression, or whether it moves there from the
idney at that point in time, is not clear, although there is
ome evidence of BKV in normal bladder (Monini et al.,
995b). The type of detailed analysis that has gone into
lucidating transcriptional regulation of JCV expression
as not been performed on BKV. What is known, how-
ver, is that multiple transcription factors interact with
he viral promoter and enhancer (Chakraborty and Das,
989; Ferguson and Subramani, 1994); rearrangements
ccur during passage in culture (Watanabe and Yoshiike,
982; Rubinstein et al., 1991) and, as mentioned above, in
vivo (Negrini et al., 1991); and such rearrangements can
sometimes create new binding sites for other transcrip-
tion factors (Markowitz et al., 1990).
It is fair to state that there is no conclusive proof that
either of the human polyomaviruses directly causes or
acts as a cofactor in human cancer, although evidence
implicating the two viruses in various types of human
tumors has accumulated over the years. Specifically,
investigators have looked for the presence of viral se-
quences and the expression of T antigen in a variety of
neoplasms. The analysis is complicated by the fact that
both viruses are ubiquitous in the population: definitive
proof will require the demonstration of meaningful mo-
lecular changes in the lifestyle of the virus between
normal and abnormal cells.
One might expect to find an association of JCV with
various CNS tumors due to the presence of factors that
activate T antigen expression. Indeed, there have been
reports of JCV variants in a variety of human brain tu-
mors, but these studies have not, to date, demonstrated
any causal effects. Interestingly, when newborn ham-
sters are inoculated intracerebrally, intraperitoneally, or
subcutaneously with JCV(Mad), a rearranged strain of
the virus, they too develop neurological tumors (Walker
et al., 1973; ZuRhein, 1983), and transgenic mice ex-
pressing the JCV(Mad) early region develop adrenal neu-
roblastomas (Small et al., 1986) or poorly differentiated
tumors of possible neuroectodermal origin (Franks et al.,
1996). Most recently, transgenic mice expressing the
early region of an archetype strain of JCV were derived.
About half of the mice analyzed demonstrated neurologic
illness at 9–13 months of age, and pathological analysis



































































































3MINIREVIEWnormalities in glial cells or myelin production, they did
develop primitive neuroectodermal tumors (Krynska et
al., 1999). The tumor cells expressed higher levels of T
ntigen than did cells in the hindbrains of normal trans-
enic mice. As a follow-up to these studies, Khalili’s
roup has examined human medulloblastomas for the
resence of JCV using PCR and in situ immunohisto-
chemical analyses (Khalili et al., 1999). Although only a
small number of tumors were examined (11), 8 of these
were positive for early region sequences and 10 were
positive for the late region. Immunohistochemical analy-
sis demonstrated staining for T antigen but not for VP1,
one of the viral capsid proteins, in 5–20% of the tumor
cells from roughly 14 of the PCR-positive samples. This
esult would indicate that lytic replication is not occurring
lthough T antigen is being expressed. Such a switch in
he life cycle of the virus would be required for oncogenic
ransformation of the cell, as a productive infection would
ill the cell even if its growth were abnormal.
With respect to BKV, there is also correlative evidence
egarding its potential role in cancer. As is the case for
CV, BKV induces tumors in experimental animals: trans-
enic mice expressing BKV develop hepatocellular car-
inoma and renal tumors (Small et al., 1986; Dalrymple
nd Beemon, 1990). There have been a number of re-
orts demonstrating the presence of BKV sequences in a
ariety of human tumors, including brain, pancreas, rhab-
omyosarcoma, lung, liver, Kaposi’s sarcoma, and vari-
us urinary tract neoplasms (Fiori and Di Mayorca, 1976;
ater et al., 1980; Caputo et al., 1983; Dorries et al., 1987;
arbanti-Brodano et al., 1987; Corallini et al., 1987; Ne-
rini et al., 1990; De Mattei et al., 1995; Monini et al.,
995a,b, 1996; Flaegstad et al., 1999), although one re-
ort found no evidence for BKV in brain tumors (Arthur et
l., 1994). It is the study by Monini et al. (1995b) that lends
he most support to a possible causative role of BKV in
ancer. These investigators demonstrated that BKV se-
uences could be detected by PCR analysis in both
ormal and tumor tissue isolated from the urinary tracts
f greater than half the patients examined. Since BKV
nfection is widespread, this prevalence is not surprising
or is the location, since BKV persists in the kidney and
herefore has access to the rest of the urinary tract. The
ntriguing part of this report, however, was that viral
equences could be detected by Southern blotting in six
f the tumor samples, but none of the normal tissues.
his could be explained in two ways: either there is
mplification of the viral chromosome in the tumor or
here is selection in the tumor for cells containing BKV.
he latter explanation appears to be correct, as further
nalysis indicated that the viral sequences were inte-
rated into the host chromosome in all six tumors exam-
ned, although one contained episomal copies as well.
oreover, these authors determined the sequences ofhe viral origin regions from nine of the abnormal tissues.
hey found that all the sequences were identical except
a
1or two point mutations in one of the samples, and these
epresented a new strain of BKV, which they designated
RO1. It is intriguing that this strain contains rearrange-
ents in the origin region, as these might affect viral
NA replication. It is known, for example, that disrup-
ions in this region alter replication ability and increase
ransformation potential in cell culture assays (Watanabe
nd Yoshiike, 1982, 1985; Rubinstein et al., 1991). Also, as
iscussed above, such rearrangements could alter the
ranscriptional specificity of the promoter. Clearly, a
lock to replication would prevent killing of the host cell
nd rather lead to transformation if T antigen were to be
xpressed continually, much the same as that which
ccurs during transformation of nonpermissive cells by
ild-type polyomaviruses (Butel, 1986) or of permissive
ells by viral chromosomes whose origin of replication
as been mutated (Gluzman, 1981). Whether the muta-
ions in URO1 have this same effect on replication or
ransformation remains to be determined.
BKV and JCV T antigens, like SV40 T antigen, interact
ith tumor suppressor proteins in the cell in order to
ptimize the environment for viral replication. These T
ntigens transform rodent cells in culture and can also
mmortalize human cells in the presence of activated
ncogenes such as ras or myc (Shah et al., 1976; Porto-
ani et al., 1978; Purchio and Fareed, 1979; Takemoto et
l., 1979; Frisque et al., 1980; Howley et al., 1980; Grossi
t al., 1982; Pater and Pater, 1986), although JCV does so
elatively poorly (Bollag et al., 1989; Haggerty et al., 1989;
rowbridge and Frisque, 1993; Tavis et al., 1994). Both
KV and JCV T antigens bind to pRb (retinoblastoma
usceptibility) family proteins and p53 (Dyson et al., 1989,
990; Bollag et al., 1989; Trowbridge and Frisque, 1993;
arris et al., 1996). As is the case for SV40 T antigen,
inding of BKV T antigen to p53 stabilizes the p53 but
nterferes with its response to DNA damaging agents
Harris et al., 1998a). The interaction of BKV T antigen
ith the pRb family proteins, however, is somewhat dif-
erent than that of SV40 T antigen (Harris et al., 1996,
998b). In cells expressing BKV T antigen, it is difficult to
etect significant amounts of complexes between T an-
igen and pRb, p107, or p130. This is because the levels
f T antigen expressed from the BKV early promoter are
ery low. Nevertheless, BKV T antigen does stimulate
elease of E2F activity from pRb family complexes and
llows for serum-independent growth. Mutational analy-
is of BKV T antigen has demonstrated that the activation
f E2F requires both the pRb-binding domain and a
ewly defined N-terminal domain of the molecule called
he J domain. This domain gets its name based on
tructural and functional homology to the DnaJ family of
olecular chaperones and mediates a number of impor-
ant T antigen functions related to transcription, replica-
ion, and transformation (Campbell et al., 1997; Stubdal et
l., 1997; Kelley and Georgopoulus, 1997; Zalvide et al.,
998; Brodsky and Pipas, 1998; Harris et al., 1998b; Sock
4 MINIREVIEWet al., 1999). The model that has been proposed for how
this domain functions in oncogenic transformation is that
T antigen interacts with the pRb family protein, causing
release of E2F and subsequent J domain-mediated deg-
radation of the pRb family protein. BKV and SV40 T
antigens differ in two ways: first, BKV T antigen causes
the degradation of all three pRb family members while
SV40 T antigen affects only p107 and p130, and second,
part of the effect of SV40 T antigen does appear to be
due to high enough levels of T antigen to physically
sequester the pRb family members, while the BKV effect
appears to be mediated solely through the J domain
function (Zalvide et al., 1998; Harris et al., 1998b). Al-
though they do bind each other, the consequences of the
interaction between JCV T antigen and the pRb family
proteins have not been studied in as much detail, so at
this time it is unclear exactly how JCV T antigen inter-
feres with the function of these tumor suppressor pro-
teins. Nevertheless, JCV T antigen does deregulate cy-
clin/Cdk (cyclin-dependent kinase) activity and blocks
exit from the cell cycle (Tretiakova et al., 1999). Finally,
both BKV and JCV T antigens induce chromosomal ab-
errations in cultured cells (Theile and Grabowski, 1990;
Tognon et al., 1996; Neel et al., 1996; Trabanelli et al.,
1998) (K. F. Harris, T. Glover, and M. J. Imperiale, unpub-
lished results), and increased chromosomal damage
correlates with high titers of antibodies against the vi-
ruses (Lazutka et al., 1996). Thus, T antigen induces
inappropriate cell growth through its interactions with
pRb family proteins, is mutagenic, and interferes with the
ability of the cell to respond to damaged DNA through its
interaction with p53. Taken together, it is clear that JCV
and BKV T antigen have the molecular characteristics to
contribute to the oncogenic process. A more detailed
molecular analysis will be required before a role for BKV
and JCV in human cancer can be confirmed or refuted,
but obtaining proof will be complicated by the fact that a
large percentage of the population is infected with these
viruses. Thus, in analyzing tumor samples, one must be
fairly certain that one is examining only tumor cells and
not contaminating normal cells from surrounding tissue,
especially when using sensitive techniques such as PCR
or RT-PCR.
A final related issue that needs to be mentioned in the
context of human cancer and polyomaviruses is the
possibility that SV40, too, is involved in a subset of
human cancers (see (Levine et al., 1998; Barbanti-Bro-
dano et al., 1998) for recent reviews). SV40 sequences
and T antigen expression have been detected in me-
sotheliomas, osteosarcomas, and brain tumors; not sur-
prisingly, this is the same spectrum of tumors induced by
SV40 in animal models. Curiously, one of the first reports
of SV40 in human tumors came out of a study in which
the investigators were searching for BKV or JCV and
were using an SV40 probe as a negative control (Berg-
sagel et al., 1992). As some of these tumors were ob-tained from patients whose age excludes them from the
pool of individuals who received the contaminated lots of
poliovirus vaccines in which SV40 was first discovered,
these data indicate that SV40 may be transmitted
throughout the human population, in effect making it a
third human polyomavirus. That being the case, the
wealth of knowledge that has accumulated regarding the
mechanisms of oncogenesis by SV40 would become all
the more relevant to BKV and JCV, although it could also
mean that these two viruses may never, and perhaps
should never, completely escape from SV40’s shadow.
ACKNOWLEDGMENTS
I thank Mauro Tognon, Dick Frisque, Jim Neel, Gene Major, Enzo
Cassai, Kristina Do¨rries, and especially Kamel Khalili for providing
reprints, preprints, and insights; and the American Cancer Society for
its support of the work on BKV in my laboratory (TPRN-98-336-01-CCE).
I have attempted to be as complete as possible in citing the relevant
literature; my apologies if I inadvertently omitted any. This paper is
dedicated to the memory of my parents, Carl and Maria Imperiale.
REFERENCES
Agostini, H. T., Ryschkewitsch, C. F., and Stoner, G. L. (1996). Genotype
profile of human polyomavirus JC excreted in urine of immunocom-
petent individuals. J. Clin. Microbiol. 34, 159–164.
Arthur, R. R., Grossman, S. A., Ronnett, B. M., Bigner, S. H., Vogelstein,
B., and Shah, K. V. (1994). Lack of association of human polyomavi-
ruses with human brain tumors. J. Neurooncol. 20, 55–58.
Ault, G. S., and Stoner, G. L. (1993). Human polyomavirus JC promoter/
enhancer rearrangement patterns from progressive multifocal leu-
koencephalopathy brain are unique derivatives of a single archetypal
structure. J. Gen. Virol. 74, 1499–1507.
Barbanti-Brodano, G., Pagnani, M., Viadana, P., Beth-Giraldo, E., Gi-
raldo, G., and Corallini, A. (1987). BK virus DNA in Kaposi’s sarcoma.
Antibiot. Chemother. 38, 113–120.
Barbanti-Brodano, G., Martini, F., De Mattei, M., Lazzarin, L., Corallini,
A., and Tognon, M. (1998). BK and JC human polyomaviruses and
simian virus 40: Natural history of infection in humans, experimental
oncogenicity, and association with human tumors. Adv. Virus Res. 50,
69–99.
Bergsagel, D. J., Finegold, M. J., Butel, J. S., Kupsky, W. J., and Garcea,
R. L. (1992). DNA sequences similar to those of simian virus 40 in
ependymomas and choroid plexus tumors of childhood. N. Engl.
J. Med. 326, 988–993.
Bollag, B., Chuke, W. F., and Frisque, R. J. (1989). Hybrid genomes of the
polyomaviruses JC virus, BK virus, and simian virus 40: Identification
of sequences important for efficient transformation. J. Virol. 63, 863–
872.
Brodsky, J. L., and Pipas, J. M. (1998). Polyomavirus T antigens: Molec-
ular chaperones for multiprotein complexes. J. Virol. 72, 5329–5334.
Butel, J. S. (1986). SV40 large T-antigen: Dual oncogene. Cancer Surv. 5,
343–365.
Campbell, K. S., Mullane, K. P., Aksoy, I. A., Stubdal, H., Zalvide, J., Pipas,
J. M., Silver, P. A., Roberts, T. M., Schaffhausen, B. S., and DeCaprio,
J. A. (1997). DnaJ/hsp40 chaperone domain of SV40 large T antigen
promotes efficient viral DNA replication. Genes Dev. 11, 1098–1110.
Caputo, A., Corallini, A., Grossi, M. P., Carra, L., Balboni, P. G., Negrini,
M., Milanesi, G., Federspil, G., and Barbanti-Brodano, G. (1983).
Episomal DNA of a BK virus variant in a human insulinoma. J. Med.
Virol. 12, 37–49.
Chakraborty, T., and Das, G. C. (1989). Identification of HeLa cell
nuclear factors that bind to and activate the early promoter of human








5MINIREVIEWChang, C. F., Gallia, G. L., Muralidharan, V., Chen, N. N., Zoltick, P.,
Johnson, E., and Khalili, K. (1996). Evidence that replication of human
neurotropic JC virus DNA in glial cells is regulated by the sequence-
specific single-stranded DNA-binding protein Pur alpha. J. Virol. 70,
4150–4156.
Chen, N. N., Chang, C. F., Gallia, G. L., Kerr, D. A., Johnson, E. M.,
Krachmarov, C. P., Barr, S. M., Frisque, R. J., Bollag, B., and Khalili, K.
(1995). Cooperative action of cellular proteins YB-1 and Pur alpha
with the tumor antigen of the human JC polyomavirus determines
their interaction with the viral lytic control element. Proc. Natl. Acad.
Sci. USA 92, 1087–1091.
Chen, N. N., and Khalili, K. (1995). Transcriptional regulation of human
JC polyomavirus promoters by cellular proteins YB-1 and Pur alpha in
glial cells. J. Virol. 69, 5843–5848.
iappi, S., Azzi, A., De Santis, R., Leoncini, F., Sterrantino, G., Mazzotta,
F., and Mecocci, L. (1999). Archetypal and rearranged sequences of
human polyomavirus JC transcription control region in peripheral
blood leukocytes and in cerebrospinal fluid. J. Gen. Virol. 80, 1017–
1023.
orallini, A., Pagnani, M., Viadana, P., Silini, E., Mottes, M., Milanesi, G.,
Gerna, G., Vettor, R., Trapella, G., and Silvani, V. (1987). Association of
BK virus with human brain tumors and tumors of pancreatic islets.
Int. J. Cancer 39, 60–67.
alrymple, S. A., and Beemon, K. L. (1990). BK virus T antigens induce
kidney carcinomas and thymoproliferative disorders in transgenic
mice. J. Virol. 64, 1182–1191.
aniel, A. M., Swenson, J. J., Mayreddy, R. P., Khalili, K., and Frisque, R. J.
(1996). Sequences within the early and late promoters of archetype
JC virus restrict viral DNA replication and infectivity. Virology 216,
90–101.
e Mattei, M., Martini, F., Corallini, A., Gerosa, M., Scotlandi, K., Carinci,
P., Barbanti-Brodano, G., and Tognon, M. (1995). High incidence of BK
virus large-T-antigen-coding sequences in normal human tissues
and tumors of different histotypes. Int. J. Cancer 61, 756–760.
orries, K. (1997). New aspects in the pathogenesis of polyomavirus-
induced disease. Adv. Virus Res. 48, 205–261.
orries, K. (1998). Molecular biology and pathogenesis of human poly-
omavirus infections. Dev. Biol. Stand. 94, 71–79.
orries, K., Loeber, G., and Meixensberger, J. (1987). Association of
polyomaviruses JC, SV40, and BK with human brain tumors. Virology
160, 268–270.
Dorries, K., Vogel, E., Gunther, S., and Czub, S. (1994). Infection of
human polyomaviruses JC and BK in peripheral blood leukocytes
from immunocompetent individuals. Virology 198, 59–70.
Dyson, N., Buchkovich, K., Whyte, P., and Harlow, E. (1989). The cellular
107K protein that binds to adenovirus E1A also associates with the
large T antigens of SV40 and JC virus. Cell 58, 249–255.
Dyson, N., Bernards, R., Friend, S. H., Gooding, L. R., Hassell, J. A.,
Major, E. O., Pipas, J. M., Van Dyke, T., and Harlow, E. (1990). Large
T antigens of many polyomaviruses are able to form complexes with
the retinoblastoma protein. J. Virol. 64, 1353–1356.
Elsner, C., and Dorries, K. (1998). Human polyomavirus JC control
region variants in persistently infected CNS and kidney tissue. J. Gen.
Virol. 79, 789–799.
Feigenbaum, L., Hinrichs, S. H., and Jay, G. (1992). JC virus and simian
virus 40 enhancers and transforming proteins: Role in determining
tissue specificity and pathogenicity in transgenic mice. J. Virol. 66,
1176–1182.
Ferguson, A. T., and Subramani, S. (1994). Complex functional interac-
tions at the early enhancer of the PQ strain of BK virus. J. Virol. 68,
4274–4286.
Fiori, M., and Di Mayorca, G. (1976). Occurrence of BK virus DNA in
DNA obtained from certain human tumors. Proc. Natl. Acad. Sci. USA
73, 4662–4666.Flaegstad, T., Sundsfjord, A., Arthur, R. R., Pedersen, M., Traavik, T., and
Subramani, S. (1991). Amplification and sequencing of the controlregions of BK and JC virus from human urine by polymerase chain
reaction. Virology 180, 553–560.
Flaegstad, T., Andresen, P. A., Johnsen, J. I., Asomani, S. K., Jorgensen,
G. E., Vignarajan, S., Kjuul, A., Kogner, P., and Traavik, T. (1999). A
possible contributory role of BK virus infection in neuroblastoma
development. Cancer Res. 59, 1160–1163.
Franks, R. R., Rencic, A., Gordon, J., Zoltick, P. W., Curtis, M., Knobler,
R. L., and Khalili, K. (1996). Formation of undifferentiated mesenteric
tumors in transgenic mice expressing human neurotropic polymavi-
rus early protein. Oncogene 12, 2573–2578.
Frisque, R. J., Rifkin, D. B., and Walker, D. L. (1980). Transformation of
primary hamster brain cells with JC virus and its DNA. J. Virol. 35,
265–269.
Frisque, R. J., and White, F. A., III (1992). The molecular biology of JC
virus, causative agent of progressive multifocal leukoencephalopa-
thy. In “Molecular Neurovirology” (R. Ross, Ed.), pp. 25–158. Humana
Press, Clifton, NJ.
Gallia, G. L., Houff, S. A., Major, E. O., and Khalili, K. (1997). Review: JC
virus infection of lymphocytes—Revisited. J. Infect. Dis. 176, 1603–
1609.
Gallia, G. L., Safak, M., and Khalili, K. (1998). Interaction of the single-
stranded DNA-binding protein Puralpha with the human polyomavi-
rus JC virus early protein T-antigen. J. Biol. Chem. 273, 32662–32669.
Gardner, S. D. (1973). Prevalence in England of antibody to human
polyomavirus (B.K.). Br. Med. J. 1, 77–78.
Gardner, S. D., Field, A. M., Coleman, D. V., and Hulme, B. (1971). New
human papovavirus (B.K.) isolated from urine after renal transplan-
tation. Lancet 1, 1253–1257.
Gluzman, Y. (1981). SV40-transformed simian cells support the replica-
tion of early SV40 mutants. Cell 23, 175–182.
Goudsmit, J., Baak, M. L., Sleterus, K. W., and Van der Noordaa, J. (1981).
Human papovavirus isolated from urine of a child with acute tonsil-
litis. Br. Med. J. (Clin. Res. Ed.) 283, 1363–1364.
Goudsmit, J., Wertheim-van Dillen, P., van Strein, A., and van der
Noordaa, J. (1982). The role of BK virus in acute respiratory tract
disease and the presence of BKV DNA in tonsils. J. Med. Virol. 10,
91–99.
Grossi, M. P., Caputo, A., Meneguzzi, G., Corallini, A., Carra, L., Porto-
lani, M., Borgatti, M., Milanesi, G., and Barbanti-Brodano, G. (1982).
Transformation of human embryonic fibroblasts by BK virus, BK virus
DNA and a subgenomic BK virus DNA fragment. J. Gen. Virol. 63,
393–403.
Guo, J., Kitamura, T., Ebihara, H., Sugimoto, C., Kunitake, T., Takehisa, J.,
Na, Y. Q., Al-Ahdal, M. N., Hallin, A., Kawabe, K., Taguchi, F., and Yogo,
Y. (1996). Geographical distribution of the human polyomavirus JC
virus type A and B and isolation of a new type from Ghana. J. Gen.
Virol. 77, 919–927.
Haggerty, S., Walker, D. L., and Frisque, R. J. (1989). JC virus–simian
virus 40 genomes containing heterologous regulatory signals and
chimeric early regions: Identification of regions restricting transfor-
mation by JC virus. J. Virol. 63, 2180–2190.
Harris, K. F., Christensen, J. B., and Imperiale, M. J. (1996). BK virus large
T antigen: Interactions with the retinoblastoma family of tumor sup-
pressor proteins and effects on cellular growth control. J. Virol. 70,
2378–2386.
Harris, K. F., Chang, E., Christensen, J. B., and Imperiale, M. J. (1998a).
BK virus as a potential co-factor in human cancer. Dev. Biol. Stand.
94, 81–91.
Harris, K. F., Christensen, J. B., Radany, E. H., and Imperiale, M. J.
(1998b). Novel mechanisms of E2F induction by BK virus large T
antigen: Requirement of both the pRb binding and J domains. Mol.
Cell. Biol. 18, 1746–1756.
Hashida, Y., Gaffney, P. C., and Yunis, E. J. (1976). Acute hemorrhagic
cystitis of childhood and papovavirus-like particles. J. Pediatr. 89,
85–87.









6 MINIREVIEWSp1 binds to the JC virus promoter and is selectively expressed in
glial cells in human brain. Ann. Neurol. 32, 72–77.
Howley, P. M., Rentier-Delrue, F., Heilman, C. A., Law, M. F., Chowdhury,
K., Israel, M. A., and Takemoto, K. K. (1980). Cloned human polyoma-
virus JC DNA can transform human amnion cells. J. Virol. 36, 878–
882.
ato, K., Guo, J., Taguchi, F., Daimaru, O., Tajima, M., Haibara, H.,
Matsuda, J., Sumiya, M., and Yogo, Y. (1994). Phylogenetic compari-
son between archetypal and disease-associated JC virus isolates in
Japan. Jpn. J. Med. Sci. Biol. 47, 167–178.
elley, W. L., and Georgopoulus, C. (1997). The T/t common exon of
simian virus 40, JC, and BK polyomavirus T antigens can functionally
replace the J-domain of the Escherichia coli DnaJ molecular chap-
erone. Proc. Natl. Acad. Sci. USA 94, 3679–3684.
Kerr, D., and Khalili, K. (1991). A recombinant cDNA derived from human
brain encodes a DNA binding protein that stimulates transcription of
the human neurotropic virus JCV. J. Biol. Chem. 266, 15876–15881.
Kerr, D., Chang, C. F., Chen, N., Gallia, G., Raj, G., Schwartz, B., and
Khalili, K. (1994). Transcription of a human neurotropic virus promoter
in glial cells: Effect of YB-1 on expression of the JC virus late gene.
J. Virol. 68, 7637–7643.
Khalili, K., Rappaport, J., and Khoury, G. (1988). Nuclear factors in human
brain cells bind specifically to the JCV regulatory region. EMBO J. 7,
1205–1210.
Khalili, K., Krynska, B., Del Valle, L., Katsetos, C. D., and Croul, S. (1999).
Medulloblastomas and the human neurotropic polyomavirus JC vi-
rus. Lancet 353, 1152–1153.
Kitamura, T., Kunitake, T., Guo, J., Tominaga, T., Kawabe, K., and Yogo,
Y. (1994). Transmission of the human polyomavirus JC virus occurs
both within the family and outside the family. J. Clin. Microbiol. 32,
2359–2363.
Krynska, B., Otte, J., Franks, R., Khalili, K., and Croul, S. (1999). Human
ubiquitous JCV (CY) T-antigen gene induces brain tumors in experi-
mental animals. Oncogene 18, 39–46.
Kunitake, T., Kitamura, T., Guo, J., Taguchi, F., Kawabe, K., and Yogo, Y.
(1995). Parent-to-child transmission is relatively common in the
spread of the human polyomavirus JC virus. J. Clin. Microbiol. 33,
1448–1451.
Lazutka, J. R., Neel, J. V., Major, E. O., Dedonyte, V., Mierauskine, J.,
Slapsyte, G., and Kesminiene, A. (1996). High titers of antibodies to
two human polyomaviruses, JCV and BKV, correlate with increased
frequency of chromosomal damage in human lymphocytes. Cancer
Lett. 109, 177–183.
Levine, A., Butel, J., Dorries, K., Goedert, J., Frisque, R., Garcea, R.,
Morris, A., O’Neill, F., and Shah, K. (1998). SV40 as a putative human
commensal. Dev. Biol. Stand. 94, 245–269.
Loeber, G., and Dorries, K. (1988). DNA rearrangements in organ-
specific variants of polyomavirus JC strain GS. J. Virol. 62, 1730–1735.
Lynch, K. J., and Frisque, R. J. (1991). Factors contributing to the re-
stricted DNA replicating activity of JC virus. Virology 180, 306–317.
Major, E. O., Amemiya, K., Elder, G., and Houff, S. A. (1990). Glial cells
of the human developing brain and B cells of the immune system
share a common DNA binding factor for recognition of the regulatory
sequences of the human polyomavirus, JCV. J. Neurosci. Res. 27,
461–471.
arkowitz, R. B., Tolbert, S., and Dynan, W. S. (1990). Promoter evolution
in BK virus: Functional elements are created at sequence junctions.
J. Virol. 64, 2411–2415.
arkowitz, R. B., Eaton, B. A., Kubik, M. F., Latorra, D., McGregor, J. A.,
and Dynan, W. S. (1991). BK virus and JC virus shed during pregnancy
have predominantly archetypal regulatory regions. J. Virol. 65, 4515–
4519.
artin, J. D., King, D. M., Slauch, J. M., and Frisque, R. J. (1985).
Differences in regulatory sequences of naturally occurring JC virus
variants. J. Virol. 53, 306–311.
ininberg, D. T., Watson, C., and Desquitado, M. (1982). Viral cystitis
with transient secondary vesicoureteral reflux. J. Urol. 127, 983–985.onaco, M. C., Atwood, W. J., Gravell, M., Tornatore, C. S., and Major,
E. O. (1996). JC virus infection of hematopoietic progenitor cells,
primary B lymphocytes, and tonsillar stromal cells: Implications for
viral latency. J. Virol. 70, 7004–7012.
onaco, M. C., Jensen, P. N., Hou, J., Durham, L. C., and Major, E. O.
(1998). Detection of JC virus DNA in human tonsil tissue: Evidence for
site of initial viral infection. J. Virol. 72, 9918–9923.
onini, P., de Lellis, L., Rotola, A., Di Luca, D., Ravaioli, T., Bigoni, B.,
and Cassai, E. (1995a). Chimeric BK virus DNA episomes in a
papillary urothelial bladder carcinoma. Intervirology 38, 304–308.
Monini, P., Rotola, A., Di Luca, D., De Lellis, L., Chiari, E., Corallini, A.,
and Cassai, E. (1995b). DNA rearrangements impairing BK virus
productive infection in urinary tract tumors. Virology 214, 273–279.
Monini, P., Rotola, A., De Lellis, L., Corallini, A., Secchiero, P., Albini, A.,
Benelli, R., Parravicini, C., Barbanti-Brodano, G., and Cassai, E.
(1996). Latent BK virus infection and Kaposi’s sarcoma pathogenesis.
Int. J. Cancer 66, 717–722.
Neel, J. V., Major, E. O., Awa, A. A., Glover, T., Burgess, A., Traub, R.,
Curfman, B., and Satoh, C. (1996). Hypothesis: “Rogue cell”-type
chromosomal damage in lymphocytes is associated with infection
with the JC human polyoma virus and has implications for oncogen-
esis. Proc. Natl. Acad. Sci. USA 93, 2690–2695.
Negrini, M., Rimessi, P., Mantovani, C., Sabbioni, S., Corallini, A.,
Gerosa, M. A., and Barbanti-Brodano, G. (1990). Characterization of
BK virus variants rescued from human tumours and tumour cell lines.
J. Gen. Virol. 71, 2731–2736.
Negrini, M., Sabbioni, S., Arthur, R. R., Castagnoli, A., and Barbanti-
Brodano, G. (1991). Prevalence of the archetypal regulatory region
and sequence polymorphisms in nonpassaged BK virus variants.
J. Virol. 65, 5092–5095.
Newman, J. T., and Frisque, R. J. (1999). Identification of JC virus variants
in multiple tissues of pediatric and adult PML patients. J. Med. Virol.
58, 79–86.
Padgett, B. L., Walker, D. L., ZuRhein, G. M., Eckroade, R. J., and Dessel,
B. H. (1971). Cultivation of papova-like virus from human brain with
progressive multifocal leucoencephalopathy. Lancet 1, 1257–1260.
Padgett, B. L., and Walker, D. L. (1973). Prevalence of antibodies in
human sera against JC virus, and isolate from a case of progressive
multifocal leukoencephalopathy. J. Infect. Dis. 127, 467–470.
Padgett, B. L., Walker, D. L., Desquitado, M. M., and Kim, D. U. (1983).
BK virus and nonhaemorrhagic cystitis in a child. Lancet 1, 770.
Pater, A., and Pater, M. M. (1986). Transformation of primary human
embryonic kidney cells to anchorage independence by a combina-
tion of BK virus DNA and the Harvey-ras oncogene. J. Virol. 58,
680–683.
Pater, M. M., Pater, A., Fiori, M., Slota, J., and Di Mayorca, G. (1980). BK
virus DNA sequences in human tumors and normal tissues and cell
lines. In “Viruses in Naturally Occurring Cancers” (M. Essex, G.
Todaro, and H. zur Hausen, Eds.), Vol. 7, pp. 329–341. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.
Portolani, M., Borgatti, M., Corallini, A., Cassai, E., Grossi, M. P., Bar-
banti-Brodano, G., and Possati, L. (1978). Stable transformation of
mouse, rabbit and monkey cells and abortive transformation of hu-
man cells by BK virus, a human papovavirus. J. Gen. Virol. 38,
369–374.
Purchio, A. F., and Fareed, G. C. (1979). Transformation of human
embryonic kidney cells by human papovavirus BK. J. Virol. 29, 763–
769.
Raj, G. V., and Khalili, K. (1994). Identification and characterization of a
novel GGA/C-binding protein, GBP-i, that is rapidly inducible by
cytokines. Mol. Cell. Biol. 14, 7770–7781.
Raj, G. V., and Khalili, K. (1995). Transcriptional regulation: Lessons from
the human neurotropic polyomavirus, JCV. Virology 213, 283–291.
Raj, G. V., Safak, M., MacDonald, G. H., and Khalili, K. (1996). Transcrip-
tional regulation of human polyomavirus JC: Evidence for a functional
interaction between RelA (p65) and the Y-box-binding protein, YB-1.










7MINIREVIEWRanganathan, P. N., and Khalili, K. (1993). The transcriptional enhancer
element, kappa B, regulates promoter activity of the human neuro-
tropic virus, JCV, in cells derived from the CNS. Nucleic Acids Res. 21,
1959–1964.
ubinstein, R., Pare, N., and Harley, E. H. (1987). Structure and function
of the transcriptional control region of nonpassaged BK virus. J. Virol.
61, 1747–1750.
ubinstein, R., Schoonakker, B. C., and Harley, E. H. (1991). Recurring
theme of changes in the transcriptional control region of BK virus
during adaptation to cell culture. J. Virol. 65, 1600–1604.
afak, M., Gallia, G. L., and Khalili, K. (1999). Reciprocal interaction
between two cellular proteins, Puralpha and YB-1, modulates tran-
scriptional activity of JCVCY in glial cells. Mol. Cell. Biol. 19, 2712–
2723.
hah, K. V., Hudson, C., Valis, J., and Strandberg, J. D. (1976). Experi-
mental infection of human foreskin cultures with BK virus, a human
papovavirus. Proc. Soc. Exp. Biol. Med. 153, 180–186.
mall, J. A., Khoury, G., Jay, G., Howley, P. M., and Scangos, G. A. (1986).
Early regions of JC virus and BK virus induce distinct and tissue-
specific tumors in transgenic mice. Proc. Natl. Acad. Sci. USA 83,
8288–8292.
Sock, E., Enderich, J., and Wegner, M. (1999). The J domain of papova-
viral large tumor antigen is required for synergistic interaction with
the POU-domain protein Tst-1/Oct6/SCIP. Mol. Cell. Biol. 19, 2455–
2464.
Stubdal, H., Zalvide, J., Campbell, K. S., Schweitzer, C., Roberts, T. M.,
and DeCaprio, J. A. (1997). Inactivation of pRB-related proteins p130
and p107 mediated by the J domain of simian virus 40 large T
antigen. Mol. Cell. Biol. 17, 4979–4990.
Sugimoto, C., Kitamura, T., Guo, J., Al-Ahdal, M. N., Shchelkunov, S. N.,
Otova, B., Ondrejka, P., Chollet, J. Y., El-Safi, S., Ettayebi, M., Gresen-
guet, G., Kocagoz, T., Chaiyarasamee, S., Thant, K. Z., Thein, S., Moe,
K., Kobayashi, N., Taguchi, F., and Yogo, Y. (1997). Typing of urinary JC
virus DNA offers a novel means of tracing human migrations. Proc.
Natl. Acad. Sci. USA 94, 9191–9196.
Tada, H., Lashgari, M., Rappaport, J., and Khalili, K. (1989). Cell type-
specific expression of JC virus early promoter is determined by
positive and negative regulation. J. Virol. 63, 463–466.
Taguchi, F., Kajioka, J., and Miyamura, T. (1982). Prevalence rate and
age of acquisition of antibodies against JC virus and BK virus in
human sera. Microbiol. Immunol. 26, 1057–1064.
Takemoto, K. K., Linke, H., Miyamura, T., and Fareed, G. C. (1979).
Persistent BK papovavirus infection of transformed human fetal brain
cells. I. Episomal viral DNA in cloned lines deficient in T-antigen
expression. J. Virol. 29, 1177–1185.
Tavis, J. E., Trowbridge, P. W., and Frisque, R. J. (1994). Converting the
JCV T antigen Rb binding domain to that of SV40 does not alter JCV’s
limited transforming activity but does eliminate viral viability. Virology
199, 384–392.
Theile, M., and Grabowski, G. (1990). Mutagenic activity of BKV and JCV
in human and other mammalian cells. Arch. Virol. 113, 221–233.
ognon, M., Casalone, R., Martini, F., De Mattei, M., Granata, P., Minelli,
E., Arcuri, C., Collini, P., and Bocchini, V. (1996). Large T antigen
coding sequences of two DNA tumor viruses, BK and SV40, andnonrandom chromosome changes in two glioblastoma cell lines.
Cancer Genet. Cytogenet. 90, 17–23.
ominaga, T., Yogo, Y., Kitamura, T., and Aso, Y. (1992). Persistence of
archetypal JC virus DNA in normal renal tissue derived from tumor-
bearing patients. Virology 186, 736–741.
rabanelli, C., Corallini, A., Gruppioni, R., Sensi, A., Bonfatti, A., Cam-
pioni, D., Merlin, M., Calza, N., Possati, L., and Barbanti-Brodano, G.
(1998). Chromosomal aberrations induced by BK virus T antigen in
human fibroblasts. Virology 243, 492–496.
retiakova, A., Krynska, B., Gordon, J., and Khalili, K. (1999). Human
neurotropic JC virus early protein deregulates glial cell cycle path-
way and impairs cell differentiation. J. Neurosci. Res. 55, 588–599.
rowbridge, P. W., and Frisque, R. J. (1993). Analysis of G418-selected
Rat2 cells containing prototype, variant, mutant, and chimeric JC
virus and SV40 genomes. Virology 196, 458–474.
Walker, D. L., Padgett, B. L., ZuRhein, G. M., Albert, A. E., and Marsh,
R. F. (1973). Human papovavirus (JC): Induction of brain tumors in
hamsters. Science 181, 674–676.
Watanabe, S., and Yoshiike, K. (1982). Change of DNA near the origin of
replication enhances the transforming capacity of human papovavi-
rus BK. J. Virol. 42, 978–985.
Watanabe, S., and Yoshiike, K. (1985). Decreasing the number of 68-
base-pair tandem repeats in the BK virus transcriptional control
region reduces plaque size and enhances transforming capacity.
J. Virol. 55, 823–825.
Weber, T., and Major, E. O. (1997). Progressive multifocal leukoenceph-
alopathy: Molecular biology, pathogenesis and clinical impact. Inter-
virology 40, 98–111.
Wegner, M., Drolet, D. W., and Rosenfeld, M. G. (1993). Regulation of JC
virus by the POU-domain transcription factor Tst-1: Implications for
progressive multifocal leukoencephalopathy. Proc. Natl. Acad. Sci.
USA 90, 4743–4747.
White, F. A., III, Ishaq, M., Stoner, G. L., and Frisque, R. J. (1992). JC virus
DNA is present in many human brain samples from patients without
progressive multifocal leukoencephalopathy. J. Virol. 66, 5726–5734.
Yogo, Y., Kitamura, T., Sugimoto, C., Ueki, T., Aso, Y., Hara, K., and
Taguchi, F. (1990). Isolation of a possible archetypal JC virus DNA
sequence from nonimmunocompromised individuals. J. Virol. 64,
3139–3143.
Yogo, Y., Iida, T., Taguchi, F., Kitamura, T., and Aso, Y. (1991). Typing of
human polyomavirus JC virus on the basis of restriction fragment
length polymorphisms. J. Clin. Microbiol. 29, 2130–2138.
Yogo, Y., Guo, J., Iida, T., Satoh, K., Taguchi, F., Takahashi, H., Hall, W. W.,
and Nagashima, K. (1994). Occurrence of multiple JC virus variants
with distinctive regulatory sequences in the brain of a single patient
with progressive multifocal leukoencephalopathy. Virus Genes 8,
99–105.
Zalvide, J., Stubdal, H., and DeCaprio, J. A. (1998). The J domain of
simian virus 40 large T antigen is required to functionally inactivate
RB family proteins. Mol. Cell. Biol. 18, 1408–1415.
ZuRhein, G. M. (1983). Studies of JC virus-induced tumors in the Syrian
hamster. In “Polyomaviruses and Human Neurological Disease” (J. L.
Sever and D. M. Madden, Eds.), pp. 205–221, A. R. Liss, New York.
